I. INTRODUCTION
In Cartesian coordinate system, force can be decomposed into three components along the coordinate axis. The sensor that can simultaneously measure the forces in these three directions is called the triaxial force sensor. Triaxial force sensors are widely used in automotive, robotic, aerospace, biomedical and other fields [1] - [4] . With the continuous progress of science and technology, the accuracy of triaxial force measurement is required to be higher and higher.
Triaxial force sensors include resistance strain sensor, piezoelectric sensor, capacitive sensor and optical sensor. Because of the coupling between axes, the measurement accuracy of all kinds of triaxial force sensors is much lower than that of similar one-axis force sensors. Therefore, reducing or avoiding the coupling error between axes is an effective way to improve the measurement accuracy of triaxial force.
The associate editor coordinating the review of this manuscript and approving it for publication was Lei Wang. The coupling between axes of triaxial force sensor is due to the solid-state connection between sensitive elements of force measurement. Since it is necessary to connect several forcesensitive elements together by a solid elastic material to form a three-axis force sensor, the solid-state connection inevitably causes a co-movement between the axes when a force is applied along one coordinate axis, the interference output will occur in the direction of the other axes, which is the phenomenon of coupling between the axes. Inter-axis coupling error is the main source of triaxial force measurement error, and it is the obstacle to improve the accuracy of multi-axis force sensor. In order to reduce the inter-axis coupling error in the process of triaxial force measurement, a lot of research has been carried out on the inter-axis decoupling technology and the design of elastomers. In the research of inter-axle decoupling technology, new decoupling technology has been developed continuously [5] , [6] , which has contributed to improving the measurement accuracy of triaxial force sensor. However, inter-axle coupling is a multi-factor non-linear problem, which can not be completely decoupled. In the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ design of the triaxial force sensor structure, in order to reduce or eliminate the inter-axle coupling, researchers have tried many improvements around the design of elastomer structure [7] , [8] , but the solid-state connection between force-sensitive elements always present, so it is difficult to completely get rid of the problem of inter-axle coupling, and the accuracy of triaxial force measurement is difficult to be greatly improved.
In order to avoid the solid connection between the force-bearing body and the force-sensing element in the triaxial force measuring device and eliminate the inter-axis coupling, an air-supported force measurement method considering both supporting and force measurement is proposed, and an air-supported triaxial force measurement platform is designed to verify the '' no Inter-axis coupling '' and ''high precision'' characteristics of the platform.
II. AIR-SUPPORTED TRIAXIAL FORCE MEASUREMENT PLATFORM A. AIR-SUPPORTED ONE-AXIS FORCE MEASURING UNIT
As shown in Fig. 1 , an air-supported one-axis force measuring unit mainly consists of a nozzle, a floating plate, a pressure cavity and a pressure measuring hole. The air flow with constant pressure flows through the throttle hole into the pressure cavity and the gap between the nozzle and the floating plate, forming a film between the nozzle and the floating plate, thus floating the floating plate. The rectangular coordinate system is established as shown in Fig. 1 . By measuring the gas pressure in the pressure cavity, the force F acting on the floating plate along the y-axis direction can be obtained. Because the film between the pressure cavity and the floating plate can only bear positive pressure but can not bear shear force, the force acting along the X axis on the floating plate will not interfere with the measurement results of the force acting in the Y direction.
In Fig. 1 , the nozzle and the floating plate are circular, r is the radius of the pressure cavity, R is the radius of the nozzle, h is the film thickness between the nozzle and the floating plate, u is the velocity of gas flow along the radial direction between the nozzle and the floating plate, P d is the gas pressure in the pressure cavity(absolute pressure), P a is the ambient atmospheric pressure(absolute pressure), P c is the air inlet pressure, and F is the component of the external force acting on the floating plate along the Y axis(Including the gravity of the floating plate). Due to the low film pressure and gas flow velocity between nozzle floating plates, the Navier-Stokes equation describing the gas film flow can be simplified as follows [9] :
In the formula (1), P is the pressure in the gas film, and µ is the dynamic viscosity. Perform the integral operation according to the formula (1), and note that when y = 0, y = h, u = 0, the following formula is obtained.
The mass flow through the circulation area with radius x and thickness h is:
Solve P from the above formula:
Assuming that the flowing gas in the gas film is incompressible, the gas pressure in the gas film at a radius of x (r ≤ x ≤ R) can be calculated by the formula (3):
When x = r, P = P a , so there is:
r R Substituting the above formula into (4) gives:
If F * is the buoyancy force produced by nozzle on the floating plate, the force F acting on the floating plate is:
(6) Formula shows that the force F acting on the floating plate is only related to the pressure P d in the pressure cavity of the nozzle-floating plate mechanism, and the size of F can be obtained by measuring P d . Under the premise of no gas ''blocking'', the minimum gas pressure in the pressure cavity is 0.528p c [9] . Therefore, the theoretical range of gas pressure variation in the pressure cavity is 0.528p c ∼ p c . In engineering practice, the range of pressure variation in pressure cavity can be taken as 0.6p c -0.9p c , so the measuring range of the experimental device is about: Fig. 2 , the arrow is the direction of the nozzle arrangement, that is, the direction of buoyancy produced by the nozzle on the floating plate. The origin of Cartesian coordinate system O-X-Y-Z is set at the geometric center of the rectangular floating plate, and the X axis is perpendicular to the front and back sides of the floating plate, the Y axis is perpendicular to the left and right sides of the floating plate, and the Z axis is perpendicular to the upper and bottom sides of the floating plate. Each nozzle and the surface of the floating plate constitute a nozzle floating plate mechanism. Therefore, by measuring the gas pressure in each nozzle, three components of the external force F acting on the floating plate along the X, Y and Z axes can be obtained. Fig. 2 (b) is an experimental prototype of the air-supported triaxial force measurement platform.
C. TRIAXIAL FORCE CALCULATION
In Fig. 2 , the converging points of the buoyancy produced by the nozzles are A, B, C, and D, and the coordinates are A (l, −l, 0), B (l, l, 0), C (−l, −l, 0), and D (−l, l, 0), respectively.The force along the X and Y directions measured from each pair of nozzles are F * DB (direction is from D to B, other similar), F * CA , F * AB , F * CD ; the force along the Z direction is F * BZ (the force in the Z direction through point B, other similar), F * DZ , F * CZ , F * AZ . According to the principle of action and reaction force, the components F X , F Y and F Z of F along the X, Y and Z axes are:
The magnitude of the F is:
If the angle between F and the X, Y, and Z coordinate axes is α, β, and γ , then:
III. EXPERIMENTAL TEST A. ACCURACY EXPERIMENT OF AIR-SUPPORTED ONE-AXIS FORCE MEASURING UNIT
The accuracy experiment device of air-supported one-axis force measuring unit is shown in Fig. 3 , in which Fig. 3(a) is the schematic diagram of the experimental device and Fig. 3(b) is the photograph of the experimental device. In Fig. 3(a) , the floating body is a hollow cylinder, which is supported by air floatation, and can move up and down without friction; The bottom of the floating body and the nozzle are opposite to each other to constitute a nozzle floating plate mechanism, and the magnitude of the external load can be changed by adding or reducing the weighting block to the floating body. In the experiment, R = 10 mm, r = 5 mm, P c = 0.2 MPa, force measuring range 5-25 N, the weighting block is some steel balls with known weight, the weight error of the steel balls is ±0.01%, and the accuracy of the gas pressure sensor used is 0.075%. The measured value is calculated according to formula (6) , and the data is shown in Table 1 .
The experimental results show that the relative error of the air-supported one-axis force measuring unit is ±0.07%.
B. CHARACTERISTIC EXPERIMENT OF AIR-SUPPORTED TRIAXIAL FORCE MEASUREMENT PLATFORM 1) EXPERIMENTAL LOADING METHOD
As shown in Fig. 4(a) , the air-supported triaxial force measurement platform and the coordinate system O-X-Y-Z are rotated by an angle (α, β, γ ), where α, β, γ are the angles rotated by the coordinate axes X, Y, and Z, respectively. The gravity of the floating plate is mg, which can be decomposed into three force components along the X, Y, and Z axes in the coordinate system O-X-Y-Z. These three force components can be used as the loading force applied to the nozzles arranged along the X, Y, and Z axes. The loading force can be changed by changing the rotation angle of the floating platform.
the components F X , F Y and F Z of the mg along the X, Y and Z axes are:
Based on this loading method, an experimental device using an optical indexing head is constructed as shown in Fig. 4(b) .
2) EXPERIMENTAL RESULT
The weight of the floating plate of the air-supported triaxial force measurement platform is 23.503N, and the accuracy of the loading device is 3''. The air-supported triaxial force measurement platform has completely symmetrical structure in the X-axis and Y-axis directions, so loading experiments are carried out along the X-axis and Z-axis directions. In the experiment, seven representative directions are selected for loading direction, and the coupling error between axes and the comprehensive measurement error are detected. The measurement results are shown in Table 2 .
In Table 2 : F X , F Y and F Z are loaded along X, Y and Z axes respectively;
F * X , F * Y and F * Z are the corresponding F X , F Y and F Z measurements respectively;
Relative measurement error of X-axis direction:
Relative measurement error of Y axis direction:
Relative measurement error of Z axis direction:
The experimental results show that: (1) The air-supported triaxial force measurement platform has the characteristics of no inter-axis coupling: if F Y = 0 is kept unchanged, when F X and F Z are changed, there is no output force in the Y-axis direction, which indicates that there is no coupling between axes.
(2) Measurement error of the air-supported triaxial force measurement platform: X-axis direction measurement error is 0.17%, Z-axis direction measurement error is 0.10%.
IV. CONCLUSION
The air-supported triaxial force measurement platform has the characteristics of '' no Inter-axis coupling'' and ''high precision''. The experimental results show that the measurement error of the air-supported triaxial force measurement platform is 0.17% in the x-axis direction and 0.10% in the y-axis direction. The platform can be used as a universal three-axis force measurement platform for calibrating various lower precision three-axis force sensors. As a new method of force measurement, air-supported force measurement method provides a new way to study high-precision triaxial /multi-axial forces. With reference to the design idea of the air-supported triaxial force measurement platform, the air-supported force measurement method can also be used in other occasions where high-precision measurement of multi-axis forces is required. BIN 
